Magnetic liquid marbles, an encapsulation of liquid droplet with hydrophobic magnetic particles, show remarkable responsiveness to external magnetic force and great potential to be used as a discrete droplet microfluidic system. In this study, we presented the manipulation of a magnetic liquid marble under an external magnetic field and calculated the maximum frictional force, the magnetic force required for actuating the liquid marbles and the effective surface tension of the magnetic liquid marble, as well as the threshold volume for the transition from quasispherical to puddle-like shape. By taking advantage of the unique feature of being opened and closed reversibly, we have proven the encapsulated droplets can be detected optically with a reflection-mode probe. Combining the open-close and optical detection also enables to probe chemical reactions taking place within liquid marbles. These remarkable features offer a simple yet powerful alternative to conventional discrete microfluidic systems and may have wide applications in biomedical and drug discovery.
Introduction
Liquid marbles are liquid droplet-powder encapsulations consisting of a small amount of liquid being covered with hydrophobic powders. They were first reported in 2001 (Aussillous and Quere 2001) , and since then growing attention has been paid toward this interesting material (Bormashenko 2011; McHale and Newton 2011) . Liquid marbles are formed due to the spontaneous attachment of hydrophobic particles on the liquid/air interface when a small volume of liquid is rolled around. The mechanism behind the liquid marble formation is thought to be the minimized overall surface energy when hydrophobic particles attach on droplet surface (McHale et al. 2007) . When the particle is in spherical shape, its attachment on the liquid surface changes the air/solid interfacial area by À2pR 2 ð1 þ cos h e Þ, where R is the radius of the particle and h e is the equilibrium contact angle. The changes in the liquid/solid and air/liquid interfacial areas are 2pR 2 ð1 þ cos h e Þ and ÀpR 2 sin 2 h e , respectively. Therefore, the net change in the surface energy is DF ¼ 2pR 2 ð1 þ cos h e Þðc sl À c sv Þ À pR 2 sin 2 h e c lv ð1Þ
where c ij is the interfacial tension (i, j = s, l and v).
According to the Young's law: c sv À c sl ¼ c lv cos h e , Eq.
(1) can be re-written as
Since this change is always negative in value, the attachment of hydrophobic particles on the air/liquid interface should always be favorable to stabilize the droplet. Once a liquid marble is formed, the liquid droplet is completely covered with a thin powdery layer, and this separates the liquid from the outside solid substrate on which the liquid marble sits. For small droplets, liquid marbles adopt a quasi-spherical shape on smooth substrates and are considered as perfect non-wetting systems. The small contact of a liquid marble with the substrate makes it easy to move without leaking the liquid, and hence, no contamination. This feature provides liquid marbles with great potential for discrete droplet microfluidics.
A diversity of powders has been used to produce liquid marbles, including natural lycopodium, poly(tetrafluoroethylene), polyethylene, hydrophobized copper, graphite, and silica aerogels (Bormashenko 2011) . The particle size of the powders can be varied from tens of nanometers to several micrometers. Apart from water and aqueous solutions, some low-surfacetension solvents, including diiodomethane, hexadecane, octane, toluene, and ionic liquids, have also been reported to form liquid marbles, and the formation of such liquid marbles requires highly liquid-repellent particles such as perfluorinated oligomeric tetrafluoroethylene (OTFE) particles (Gao and McCarthy 2007) or fluorinated decyl polyhedral oligomeric silsesquioxane (FD-POSS) powders (Xue et al. 2010) .
Discrete droplets have shown potential to be used as droplet microfluidics, a completely different microfluidic system to the conventional channel-based microfluidics (Abdelgawad and Wheeler 2009) . Compared with the channel-based fluidics, this relatively new microfluidic system is advantageous in reducing the sample size and cross mass-transport between samples, straightforward to use and easy integration with other components (i.e., the lab-on-chip concept). Discrete droplet microfluidics are conventionally formed by suspending aqueous droplets in an oil phase. The droplets can be actuated by an external electric (Srinivasan et al. 2004) or magnetic field (Lehmann et al. 2006; Dorvee et al. 2004) , or an acoustic action (Guttenberg et al. 2005) . However, these oil-immersed systems met problems with poor ability to communicate with the outside and potential for liquid-liquid extraction of analytes into the surrounding oil (Abdelgawad et al. 2008) .
Recently, the development of lotus-inspired superhydrophobic surfaces (McHale et al. 2004; Callies and Quere 2005; Feng et al. 2002) has led to the possibility to eliminate oil phase from the discrete fluidic systems. When a substrate has a superhydrophobic surface, water droplets can sit on the surface to form nearly spherical balls. To manipulate the droplets, paramagnetic micro/nanoparticles are often incorporated into the droplets to impart them with a magnetic responsive ability (Egatz-Gomez et al. 2006 Lindsay et al. 2007; Garcia et al. 2007; Guo et al. 2006; Schneider et al. 2008; Bormashenko et al. 2008) . A guiding wire that directly contacts with the droplet was also employed to direct the droplet movement (Mumm et al. 2009; Yoon and You 2008) . In addition, surface tensioninduced pressure gradient was used to drive the droplet movement on a superhydrophobic surface (Hong and Pan 2011) . Although the droplet microfluidics based on superhydrophobic surfaces can overcome some drawbacks facing to oil-immersed systems, it has an issue in the fast evaporation of liquid from the droplets.
Liquid marbles have been reported to be able to reduce the evaporation of liquid because of the coverage of hydrophobic particles (Dandan and Erbil 2009 ). This makes them promising for applications in discrete droplet microfluidics. Recently, we have found that when magnetic particles were used to form liquid marbles Xue et al. 2010) , the powdery shell on liquid marbles can be opened and closed reversibly with a magnetic force. The magnetic manipulation of liquid marbles offers a great opportunity for the liquid inside to be detected by external optical equipment on-demand. However, optical probing of magnetic liquid marbles has not been demonstrated in the research literature.
In this study, we demonstrate the optical detection of the liquid marbles for possible application as a new discrete microfluidic system. The maximum frictional force and the external magnetic force required for magnetically actuating the liquid marbles, the effective surface tension of the magnetic liquid marble, and the threshold volume for the transition from quasi-spherical to puddle-like shape are calculated.
Experimental

Synthesis of Fe 3 O 4 nanoparticles
Superhydrophobic Fe 3 O 4 nanoparticles were prepared by co-precipitation of ferric and ferrous ions and simultaneous hydrolysis of tridecafluorooctyltriethoxysilane in an alkaline solution. Briefly, 1.5 M aqueous NH 4 OH solution was added dropwise to 200 ml water/ethanol solution (4:1, v/v) containing FeCl 3 Á6H 2 O (0.85 g, 3.14 mmol), FeCl 2 Á4H 2 O (0.30 g, 1.51 mmol) and tridecafluorooctyltriethoxysilane (0.20 ml, 5.23 mmol) under continuous nitrogen purging and vigorous magnetic stirring until pH = 8. After stirring for 24 h, the resulting precipitate (magnetite Fe 3 O 4 ) was isolated from the solution with a bar magnet, washed with water/ethanol (4:1, v/v) mixture for three times, and dried at 60°C.
Manipulation of magnetic liquid marbles
Magnetic liquid marbles were formed by rolling a water droplet on a layer of superhydrophobic Fe 3 O 4 nanoparticles. Magnetic manipulation of liquid marbles was carried out with permanent neodymium cylinder magnets 10 mm in diameter and 12 mm in length (AMF magnetics).
Characterizations
Water contact angles were measured using a CAM101 video camera-based contact angle measurement system (KSV Instruments Ltd, Finland). Transmission electron microscopy (TEM) image was obtained using a FEI Tecnai F30 Cryo-transmission electron microscope. X-ray powder diffraction (XRD) pattern was recorded on a Philips 1,140/ 90 diffractometer using Cu Ka (k = 1.54 Å ) radiation. Magnetic properties of the nanoparticles were measured with a Quantum Design MPMS-5 DC-SQUID (superconducting quantum interference device) susceptometer. UVvisible absorption spectra of bulk liquids were recorded using a Varian Cary 3 spectrophotometer. Magnetic field intensity was measured using a PASCO magnetic field sensor (PS-2162). The directed movement of liquid marbles was recorded with a Dino-Lite digital microscope (AM313).
For optical detection, a reflection/backscattering probe consisting of a central optical read fiber surrounded by six light-source optical fibers was used (Ocean Optics, R400-7-UV/VIS). The central read fiber collects the backscattered light and transfers the signal to a miniature USB4000 spectrometer. The light source was a DH2000-BAL device that combines deuterium and tungsten halogen light for an output in the wavelength range of 230-2,000 nm. All these devices were purchased from Ocean Optics (Dunedin, FL). 6, 30.4, 35.7, 43.2, 53.7, 57.3, 62.8, 71.4, and 74 .58 can be indexed, respectively, to the (111), (220), (311), (400), (422), (511), (440), (620), and (533) planes in a face-centered cubic Fe 3 O 4 . The crystallite size (D) can be calculated using Debye-Scherrer equation (Huang et al. 2011) :
where K is the shape factor (generally taken as 0.9), k is the X-ray wavelength (0.15418 nm for Cu-Ka radiation), b is the full-width at half-maximum (fwhm) of the diffraction peak, and h is the Bragg diffraction angle. By using the diffraction peak (311), the crystallite size was calculated to be 8.6 nm, which is close to the value determined by the TEM image. Figure 2 shows the magnetic properties of the Fe 3 O 4 nanoparticles. The magnetization was measured as a function of temperature in the range of 2-300 K in the applied field of 0.01 T using field cooling and zero-field cooling procedure. As shown in Fig. 2a , the blocking temperature of the nanoparticles is 98 K, suggesting a particle size of around 12 nm (Park et al. 2004) . The hysteresis loop shown in Fig. 2b indicates the typical superparamagnetic behavior of the Fe 3 O 4 nanoparticles. They only showed magnetic characteristics under an external magnetic field, but did not retain any magnetization once the external magnetic field was absent. At 295 K, the saturation magnetization was 32 A m 2 /kg at 5 T. Figure 3a shows the profile of a water droplet placed on a compact bed of the Fe 3 O 4 nanoparticles. The contact angle was measured to be 156.5°± 3.2°, showing a superhydrophobic property.
Magnetic liquid marbles
Liquid marbles were formed by rolling a water droplet on the superhydrophobic Fe 3 O 4 nanoparticles. As illustrated in Fig. 3b , the Fe 3 O 4 nanoparticles spontaneously self-organized on the droplet surface to form a uniform layer covering on the entire droplet. This self-attachment of particles to liquid droplet surface was attributed to the minimization of the surface free energy (Aussillous and Quere 2001; McHale et al. 2007) . Figure 3c shows a photograph of the formed liquid marble on a glass substrate. The packing of nanoparticle powders at the water/air interface was observed using an optical microscope. Figure 4 shows the microscopy images of the surface of a liquid marble, revealing that although the powders are packed well at the droplet surface there are still some voids existing in the coating because of the irregular shape of the powders. Owing to the hydrophobicity of the nanoparticles, however, water cannot penetrate these voids. It is important to stress here that the loosely packed coating is not rigid, but behaves like a flexible skin, and can deform itself to follow the contour of the droplet. This makes liquid marble a soft but elastic solid that can bounce and roll without leaking of the liquid.
The shape of a liquid marble is determined by the balance between the gravity and the surface tension. As shown in Fig. 5 , the liquid marbles take a quasi-spherical shape for small droplets, but with the increase in volume, the marbles are deformed more strongly by gravity and finally become puddle-shaped. It is known that the saturated value of the puddle height (H max ) is fixed to be twice of the capillary length (Aussillous and Quere 2001) :
where j -1 is the capillary length (j -1 is 2.7 mm for water), c is the surface tension of the liquid marble, q is the liquid density, and g = 9.81 (m s -2 ) is the acceleration due to gravity. The effective surface tension of the liquid marble can be calculated based on the H max value:
The H max value can be obtained by geometrical measurements of the height (H) of a liquid marble as a function of its horizontal diameter (D) with increasing its volume. Based on the results shown in Fig. 5 , H max is estimated to be 5 mm, i.e., j -1 is 2.5 mm for our magnetic liquid marble. According to Eq. (5), the effective surface tension of the liquid marble is calculated to be 61 mN/m. Compared with pure water (c = 72 mN/m), the reduced surface tension can be ascribed to the contribution of the superhydrophobic Fe 3 O 4 nanoparticle coating. Usually, droplets with initial radius larger than j -1 are flattened by the action of gravity to form puddles (Quere and Aussillous 2002) . In our case (j -1 = 2.5 mm), liquid marbles with a volume [65 lL are considered to be in puddle-like shape. Quasi-spherical liquid marbles with a size of 10-20 lL (droplet diameter 2.6-3.4 mm) were used for the following study on the magnetic manipulation and optical detection of liquid marbles.
Magnetic manipulation
The magnetic liquid marble placed on a flat and smooth solid substrate had a contact angle close to 180°and it can be moved effortlessly due to gravitational force once the substrate was slightly tilted. This means that the frictional force between the liquid marble and the substrate is very small. According to Amonton's law, the maximum frictional force can be calculated as
where a is the sliding angle of the liquid marble, and m and g are the mass of the liquid marble and the acceleration due to gravity, respectively. For a 15-lL liquid marble, the mass of magnetic particles on the droplet was about 0.49 mg, and the sliding angle on glass substrate was about 1°. The maximum frictional force, i.e., the threshold value of an external applied force to move the liquid marble, was calculated to be around 2.65 lN. Figure 6a shows the geometry of a particle attached at the water/air interface of a liquid marble; any attempt to move it into the droplet or into the air causes a change in the actual contact angle, h, and an increase in the surface free energy (McHale and Newton 2011):
Generally, the magnetic nanoparticles coated on the droplet do not show their magnetism because every magnetic moment of a magnetic domain has its own direction. Once an external inhomogeneous magnetic field is applied, however, all magnetic domains are regulated to have the same direction. As a result, a magnetic force is generated with the direction pointing to the maximum of the magnetic field gradient. Meanwhile, the change in h causes an interfacial force acting on the droplet, thus actuating the droplet. Figure 6b shows the magnetic actuation of a liquid marble (15 lL) on a glass surface. Upon moving a magnet slowly toward the liquid marble, the liquid marble started moving once the distance was close enough (about 16 mm). In an applied magnetic field, the force acting on each magnetic nanoparticle can be calculated according to (Zhang et al. 2009 ):
where V is the volume (m 3 ) of nanoparticle, Dv is the difference in magnetic susceptibilities between the nanoparticle and the surrounding medium (dimensionless), l 0 = 4p 9 10 -7 (T m A -1 ) is the permeability of vacuum, B and rB are magnetic flux density (T) and magnetic field gradient (T m -1 ), respectively. The total magnetic force acting on a liquid marble can be calculated as Fig. 5 Changes in the height (H) of a liquid marble as a function of its horizontal diameter (D) with increasing the volume. Inserts are photos showing the transition from nearly spherical to puddle-like shape as increasing the volume of the liquid marble (volume 1, 5, 45, and 340 lL, respectively). Scale bar 1 mm
where m is the total mass of magnetic particles on the droplet (4.9 9 10 -7 kg for a 15 lL liquid marble), and q is the density of Fe 3 O 4 nanoparticle (5.18 9 10 3 kg m -3 ). In our case, the magnetic susceptibility of the Fe 3 O 4 nanoparticle was calculated from the slope of a line fitted to the magnetization curve (Fig. 2b) , to be 1.45. The magnetic susceptibility of the surrounding medium can be neglected. Magnetic flux density was measured as a function of the distance away from the magnet surface. The results are shown in Fig. 6c . When the distance was 16 mm, corresponding to the threshold value to actuate a 15 lL liquid marble, the generated magnetic flux density and magnetic field gradient were 15.2 mT and 1.76 T m -1 , respectively. According to Eq. (9), the magnetic force acting on the liquid marble was calculated to be 2.92 lN, which agrees well with the value estimated by the tilting method mentioned above.
To smoothly move a magnetic liquid marble on a glass surface, the magnet was placed underneath the glass plate. The magnetic liquid marble can be moved along with the movement of the magnet (Fig. 7a) . Herein, the magnetic liquid marble can also be actuated in a three-dimensional (3D) manner. As shown in Fig. 7b , a magnetic liquid marble was moved along the inner wall of a cylinder vessel by moving the magnet along the outer wall, which is not easy to be realized by other droplet manipulation techniques. This 3D transport will facilitate the generation of more compact, flexible, and topologically complex microfluidic systems.
Moreover, the magnetic liquid marbles can be opened and closed reversibly. As shown in Fig. 8 , when the magnet was moved upward to approach the liquid marble, the Fe 3 O 4 nanoparticles were pulled down toward the glass Fig. 6 a Schematic diagram illustrating the magnetic force acting on a magnetic liquid marble and the geometry of a particle lying at the water/air interface. b Magnetic actuation of a liquid marble (15 lL) on a glass surface by moving slowly a magnet toward the liquid marble until the marble starts to move. c The measured magnetic flux density as a function of the distance away from the magnet surface Fig. 7 Magnetically actuated movement. a Transport on a horizontal surface driven by a magnet positioned beneath the glass substrate. b Manipulation of a liquid marble on the inner wall of a cylinder vessel (23.5 mm diameter) surface, and the liquid marble was opened on the top. As long as the magnetic field existed, the liquid marble kept its open state. Once the magnet was removed, the Fe 3 O 4 nanoparticles moved back, and the exposed liquid surface was covered with the magnetic powder again. The opening and closing of the liquid marble is reversible. This remarkable feature offers unique way to detect the liquid within the liquid marbles using external equipment.
The opening of a magnetic liquid marble can be understood by analyzing the force acting on the magnetic particles. A particle resting on the liquid surface is schematically illustrated in Fig. 8b . Suppose that the particle is just before sliding, the front and rear contact angles are close to the receding (h R ) and advancing (h A ) contact angles, respectively (Quere 1998) . When the particle receives the magnetic force in the direction parallel to the liquid surface larger than prcðcos h R À cos h A Þ, it moves along the interface. Here, r is the radius of the contact line, which is considered as circular, and c is the surface tension of the liquid.
Optical probing
To demonstrate the feasibility of optical probing, an optical detection technique was performed based on a reflectionmode. As shown in Fig. 9a , the liquid marble (20 lL) is moved toward the optical probe with a magnet underneath (images 1-2). Upon reaching the destination, the magnet was moved to approach the liquid marble. Consequently, the top surface of the liquid marble was opened. An optical probe was therefore able to detect the liquid (image 3). After the detection, the liquid marble was closed by moving the magnet away to a distance that can keep the liquid marble in the closed state, but drove its movement to other location (images 4-5). A complete detection process consisting of droplet transport and detection was accomplished. Figure 9b shows the optical absorption curves of aqueous liquid marbles containing acid yellow 14, acid red 183, or acid blue 25. Their typical absorption peaks at 392, 491, and 622 nm, respectively, were observed. For comparison, the optical absorption curves of the bulk liquid solutions detected with a normal UV-visible spectrophotometer were also shown in Fig. 9c , which are consistent with those obtained by the optical detection of liquid marbles. This result indicates the reliability of this optical detection method. Figure 10a shows the optical absorbance curves of magnetic liquid marbles containing aqueous solutions of acid blue 25 with various concentrations. Over the range of concentrations examined (0.2 9 10 -5 -1.2 9 10 -5 M), the peak absorption increased with increasing the concentration. Figure 10b shows the calibration plot of absorption as a function of the concentration, with a correlation coefficient of 0.9906. Such linearity indicates the capability to conduct reliable quantitative optical measurements using this new technique based on magnetic liquid marbles.
In addition, a chemical reaction was performed by adding SCN --containing solution to an opened magnetic liquid marble containing Fe 3? ions, followed by the optical detection. As shown in Fig. 11a , a magnetic liquid marble (15 lL) containing Fe 3? solution (10 mM) is moved to a defined location and then opened for optical detection (images 1-3). It was then moved to the position below a pipette tip and opened for the injection of SCNsolution (3 lL, 50 mM) (images 4-5). After injection, the solution was observed to change from yellow (Fe 3? ) to deep red [Fe(SCN) 2? ]. Finally, the liquid marble containing the product, Fe(SCN) 2? complex ions, was closed and moved for another optical detection, followed by being disposed (images 6-9). Figure 11b shows the optical absorption curves of magnetic liquid marbles containing Fe 3? and Fe(SCN) 2? solutions, respectively. It may form a new platform technology to use magnetic liquid marbles as a ''smart'' microreactor for chemical analysis or exploring new chemical reactions, especially when precious, explosive or highly toxic reagents are used and the products need to be stored without separation. Compared with the more conventional droplet-based microfluidics, such as water-inoil droplets or electrowetting-on-dielectrics (EWOD), the relatively low throughput can be improved using magnet arrays instead of a single magnet (Ohashi et al. 2007) , and the automation of the processing steps can be realized by using electromagnetic field.
Conclusions
We have presented the manipulation of a magnetic liquid marble under an external magnetic field and calculated the maximum frictional force, the magnetic force required for actuating the liquid marbles, and the effective surface tension of the magnetic liquid marble, as well as the threshold volume for the transition from quasi-spherical to puddle-like shape. By taking advantage of the unique feature of being opened and closed reversibly, we have proven that the encapsulated droplets can be detected optically with a reflection-mode probe. Combining the open-close and optical detection also enables to probe chemical reactions taking place within liquid marbles. These remarkable features offer a simple yet powerful alternative to conventional discrete microfluidic systems and may have wide applications in biomedical and drug discovery.
